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ABSTRACT 

The ove ra l l  purpose of t h i s  program i s  t o  a sce r t a in  the nature of the 

defec t  or defec ts  responsible f o r  the degradation i n  output of s i l i c o n  

devices ( s o l a r  c e l l s )  i r r ad ia t ed  by space rad ia t ion .  When the  nature of 

the  defec ts  and t h e i r  annealing mechanisms a r e  known, it w i l l  be possibie  

(1) t o  determine the parameters t h a t  w i l l  lead 

radiation-hardened devices and (2)  t o  pred ic t  t he  e f f e c t s  of rad ia t ion  

and annealing on s o l a r  c e l l s .  

to the development of 

The use of e lec t ron  spin resonance technique has been used t o  study 

the mechanisms f o r  the  production and annealing of the  divacancy ( Si-G7) 

i n  lithium-diffused n-type s i l i c o n  i r r ad ia t ed  with 30-MeV electrons.  The 

r e s u l t s  ind ica te  that l i thium does a f f e c t  divacancy production and anneal- 

ing i n  a manner similar t o  t h e  manner i n  which lithium a f f e c t s  the produc- 

t ion  and annealing of the oxygen-vacancy ( Si-Bl) center .  

Measurements of the lithium concentrations present i n  a lithium- 

diffused n- type s i l i c  on sample based on neutron ac t iva t ion  ana lys i s  indi-  

ca t e  t h a t  more lithium i s  present than as determined by r e s i s t i v i t y  measure- 

ments. 

Studies t o  determine the nature of the recombination cen te r  i n  lithium- 

diffused s i l i con  f o r  the  pre i r rad ia t ion ,  postirradiation-preanneal, and 

postanneal conditions are continuing. 
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1. INTRODUCTION 

The ove ra l l  purpose of t h i s  program i s  to &scertain the nature of the 

defect  or defec ts  responsible f o r  the degradation i n  output of s i l i con  

devices ( so l a r  c e l l s )  i r rad ia ted  by space radiat ion.  When the nature of 

the defects  and t h e i r  annealing mechanisms are known, it w i l l  be possible 

(I) t o  determine the  parameters that w i l l  lead t o  the development of radia- 

tion-hardened devices, and (2) t o  pred ic t  the  e f f e c t s  of  radiat ion and 

annealing on so lar  c e l l s .  

The present e f f o r t  i s  concentrated on the study of the e f f e c t s  of 

lithium on the production and annealing of damage i n  s i l i con .  This work 

i s  being performed on lithium-diffused bultr s i l i c o n  using e l e c t r i c a l  

measurements, such as minority-carrier l ifetime, e lectron spin resonance 

(ESR), and e l e c t r i c a l  conductivity. The temperature range from 77.5" t o  

400°K i s  under investigation. 

e lectrons and f i s s i o n  neutrons. 

The damage i s  introduced by 30 MeV 

During t h i s  report ing period, the electron spin resonance experiment 

received the  most a t ten t ion .  Preparations were made f o r  fu ture  minority 

c a r r i e r  l i f e  t i m e  stud ie s . 

2. PROGRESS 

2.1 MINORITY CARRIER LIFETIME 

Studies of minority c a r r i e r  lifetime have been aimed a t  determining 

the posi t ion of the recombination center  i n  lithium-diffused s i l i con  f o r  

pre i rmdia t ion ,  postirradiation-preanneal, and postanneal conditions. 

Figure 1 shows the inverse tem-perature dependence of the l i fe t ime from 

130" t o  380" K f o r  a lithium-diffused s i l i con  sample pr ior  t o  i r rad ia t ion .  

1 
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Fig. 1--Inverse temperature dependence of l i fe t ime f o r  
lithium-diffused n-type s i l i con  i n  pre i r rad ia t ion  
s t a t e  
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Figure 2 shows the inverse temperature dependence of the r e s i s t i v i t y .  To 

analyze t h i s  l i fe t ime data properly, a number of temperature dependent 

f ac to r s  must be considered. 

The theory of recombination of excess c a r r i e r s  has been t reated by 

others,  (1-3) and the re la t ion  between theory and experimentally measured 

quant i t ies  has  been reported e a r l i e r .  ( l r - 6 )  The conclusions can be sum- 

marized as follows. The Shockley-Read theory for a single- level  defect  

assumes t h a t  the number of recombination centers  i s  s m a l l  r e l a t ive  t o  the 

excess-carrier density.  This assumption implies t h a t  the excess e lectrons 

and holes have equal dens i t i e s  and lifetimes. The expression f o r  the l i f e -  

time i n  t h i s  case i s  

no + po + An 
Po + PI + AP n + n  + A n  

no + p0 + An )+ Trio ( 0 1  
7 = 7  ( 

p0 

where n and p are the thermal equilibrium electron and hole concentra- 

t ions,  n and p a re  the electron and hole concentrations calculated when 

the Fermi l e v e l  i s  assumed t o  l i e  a t  the recombination center  leve l ,  

An = Ap i s  the excess-carrier concentration, TnO is the  lifetime f o r  

e lectrons i n  highly p-type material, and T i s  the l i fe t ime f o r  holes i n  

highly n-type mater ia l .  

are interchanged) where n >> po, dividing by n gives 

0 0 

1 1 

PO 
I n  n-type material (for p-type, the n ’ s  and p ‘ s  

0 0 

An 
7 PO (I+?) +Trio (3)  n 0 f - n 0 ( 7  PO + Tn 0 ) 

T =  An 7 +  - 
A *  

0 n 

o r  

An 1 + -  
C n 
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where T ( the  low-injection-level l ifetime) and 7 ( the  high-injection- 

l eve l  l i f e t ime)  are the corresponding terms i n  the equations. 

T (I + An/no) versus An/no y ie lds  T~ as the in te rcept  and T 

Linearity of t h i s  p l o t  i s  a t e s t  of the va l id i ty  of the theory. 

a h 
A p lo t  of 

as the slope. h 

0’ The temperature dependence of 7 i s  found i n  terms containing T~ 

Trio, nl, pl, and n 
from the  data.  The temperature dependences of Tp and 7 are exhibited 

through the  thermal veloci ty  V of the c a r r i e r s  and the capture cross 

section 0, where 

The term n i s  known, however, and can be extracted 
0’ 0 

0 

t h  

1 = - 7 
PO ‘R ‘th “p 

and 

1 

’R ‘th “n 
- - 7 

and where N i s  the concentration of recombination centers .  R 

Theoretical  work on the  temperature dependence of the cross  section 

f o r  neu t r a l  and a t t r a c t i v e  recombination centers  has been performed by 

Ihd7) 
the temperature dependence f o r  the cross  sections of the singly charged 

a t t r a c t i v e  center  and the neut ra l  center.  

A br ief  summary of the theory i s  given i n  R e f .  8. Figure 3 gives 

A grea t  number of invest igators  do not consider the temperature de- 

pendence of a l l  the terms i n  Eq. (I). 
Fig. 1 has not  been successmlly analyzed so t h a t  the posi t ion of the 

recombination center  can be determined. The Fermi l e v e l  during the mea- 

surement moved from 0.13 e V  t o  0.45 eV.  below the conduction band. 

recombination center  i s  located i n  this range, proper analysis  of the 

l ifetime data, w i l l  determine i t s  posit ion.  

A t  the present time, the data  of 

I f  the 
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The ana lys i s  of t h i s  da t a  is  being pursued a t  the present time. The 

experiments to determine the temperature dependence of the l i f e t ime  f o r  

samples i n  postirradiation-preanneal and postanneal conditions a r e  being 

performed and w i l l  be analyzed t o  determine the posi t ion and nature of the 

recombination center  i n  these conditions. 

A papa- e n t i t l e d  "Minority Carrier Lifetime Degradation and Anrieal i n  

Neutron-Irradiated Lithium-Diff used n4!"ype Silicon" has been prepared for 

publication i n  open l i t e r a t u r e .  

t ion  by Jet  Propulsion h b o r a t o r y  and has been submitted t o  Radiation 

E f  fee  t s  . 

The paper has been approved f o r  publica- 

2.2 NEUTRON ACTITATION ANALYSES 

Low-resistivity lithium-diffused s i l i con  samples were pyepared by the 

7 i thium-oil  paint-on technique .('I 
of lithium; r e s i s t i v i t y  measurements indicated l i thium concentration of 

These samp:Les contsined la rge  quan t i t i e s  

17 3 10- atoms/cm . The ac t iva t ion  ana lys i s  measurements indicated lithium 

concentrations up to e i g h t  times g rea t e r  than t h a t  indicated by the resis- 

t i v i t y  measurements. 

The general t rend of these ac t iva t ion  ana-lysis measurements leads us  

to believe t h a t  there  i s  more l i thium present i n  the lithium-diffused 

samples than indicated by r e s i s t i v i t y  measurements. This lithium may be 

present as a p rec ip i t a t e  i n  t h e  sample. 

The p o s s i b i l i t y  of f r ee ing  t h i s  prec ip i ta ted  l i t h ium adds new pos- 

s i b i l i t i e s  t o  the  annealing mechanism and methods of annealing present i n  

lithium-diffused s i l i con .  

7 



2.3 EIECTRON SPIN RESONANCE (ESR) 

Electron spin resonance has been a powerful technique i n  the study of 

radiat ion e f f e c t s  i n  s i l i con .  

Fi-ovides information about the de ta i led  nature of the defects .  

ESR i s  one of the f e w  techniques‘”) which 

ESR techniques have been used qui te  successfully a t  G u l f  General 

invest igat ing the production, annealing, and ( I l -14)  Atomic e Programs 

propert ies  of various damage centers  including the  B1, G6, G7, and G8 have 

been completed. Recently, the ESR technique has been used t o  study the 

e f f e c t  of lithium i n  radiat ion damage. 

on the B-1 (oxygen-vacancy) center  was completed during an earlier con- 

A thorough invest igat ion of l i t h i u m  

t r a c t  . (I2) This study was of par t icu lar  value since many invest igators  

f e e l  t h a t  the B-1 cen ter  i s  the predominant recombination center i n  s i l i c o n  

i r rad ia ted  with 1-MeV electrons.  The r e su l t s  of this study provided in-  

valuable ins ight  i n t o  the  in te rac t ion  oY lithium with radiation-produced 

e n t i t i e s  including impurity-related defects .  

During the present contract ,  the ESR technique i s  t o  be used to  gain 

more fundamental information on the  ro l e  of l i th ium i n  displacement damage 

processes. The f i r s t  study i s  the invest igat ion of the e f f e c t s  of lithium 

on the  production and annealing of the divacancy. %e divacancy i s  an i m -  

portant damage center  t o  study, f o r  it i s  thought t o  be one of the  recombl- 

nation centers  present i n  s i l i c o n  after high energy electron and neutron 

radiation. 

2.3.1 Theory 

The divacancy i s  thought t o  have three e l e c t r i c a l  l eve ls  within the 

These l eve l s  are located a t  0.17 e V  and 0.4 e V  below the forbidden gap. 

conduction band and a t  0.25 e V  above  the valence band. 

i s  (1) above 0.17 eV,  the  divacancy i s  i n  a double negative charge state 

and nonparamagnetic; (2)  i f  between 0.17 and 0.4 eV, the  divacancy i s  i n  

a s ingle  negative charge state and paramagnetic; and (3) i f  below 0.4 eV, 

If the Fermi l e v e l  

8 



the divacancy i s  neut ra l  and nonparamagne t i c .  ('O' l5 

i n  Fig. 4. 
Thi s i s  diagrammed 

17eV 

O 

0.25eV 
I 

Fig. &-Energy l eve l  diagram f o r  the divacancy i n  
s i l i c  on 

For n-type s i l i con  the l e v e l  below the middle of the forbidden gap i s  

always f i l l e d  and i s  not observable by ESR techniques. 

A p lo t  of the g values of the paramagnetic divacancy as a function of 

the magnetic f i e l d  d i rec t ion  i s  given i n  Fig. 5. The magnetic f i e l d  is  

rotated i n  a (110) plane and 8 i s  the angle between <loo> di rec t ion  i n  the 

c r y s t a l  and the magnetic f i e l d .  "he pr inc ipa l  values f o r  the diagonalized 

divacancy g tensor (S i -GT) are: 

= 2.0012 

= 2.0135 

g l  

g2 

g3 = 2.0150 

(10) w i t h  ld = 29" f r m  the [Oll] axis i n  the ( O l l )  plane. 
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2.3.2 Experiment 

Samples f o r  the ESR s tudies  were produced by the diffusion of lithium 
4 i n  10 ohm-cm f l o a t  zone n-type s i l icon .  The l i thium paint-on technique 

w a s  used t o  d i f fuse  l i thium i n t o  the samples. The samples prepared ranged 

i n  r e s i s t i v i t y  from 0.11 t o  0.66 ohm cm. 

peratum c a r r i e r  concentration f r o m  1 0 ~ 7  t o  loL6 carriers/cm . 
This corresponds t o  a room tem- 

3 

The f i r s t  three samples of 0.66 ohm em were i r r ad ia t ed  with 30 MeV 
2 electrons t o  f luenc ies  of 1 x 2 x lox6, and 3 x e/cm . Immedi- 

a t e l y  a f t e r  the room temperature i r r ad ia t ions ,  the  samples were stored i n  

l iqu id  nitrogen. 

The samples were b r i e f l y  brought t o  room temperature f o r  r e s i s t i v i t y  

measurements using a four-probe apparatus. 

i t i e s ,  c a r r i e r  concentrations, and Fermi l eve l s  a r e  presented i n  Table 1. 

The room-temperature r e s i s t i v -  

TABLE 1 

ACCUMULATIVE ELECTRON FWENCE FOR SAMPLES 1, 2, AND 3 

Post i r radiat ion Carr ie r  Fermi Level 
Sample Fluence Res is t iv i ty  Concentrations (eV below con- 
Number (electrons/cm ) (Q-cm) 300'K (nmber/cm3) duction band 

1 1 x 10 2.9 1.5 1 0 ~ 5  0.26 16 
16 
16 

0.32 2 2 x 10 35. 1.5 x i o  
3 3 x 10 9900 - 10s - 0.45 

14 

The Fermi-level and conduction e lec t ron  densi ty  w a s  determined from the 

pos t i r rad ia t ion  room temperature r e s i s t i v i t y .  Previous(12) measurements 

y i e l d  an approxima* divacancy introduction r a t e  of 

An divacanc i e  s - A@ = 0.1 
e-cm 

11 



The divacancy dens i ty  was estimated from the introduction rate and 

the measured fluence. 

a l s o  estimated. 

t i o n  due t o  the room temperature i r rad ia t ion  was neglected i n  the above 

estimates s ince i t  w a s  thought t o  be ins igni f icant .  

The densi ty  of paramagnetic divacancies a t  20°K was 

Any annealing of the divacancy because of lithium migra- 

The r e s u l t s  of the estimates predicted tha t  a 20°K Sample 1 should 

have had about 1 x l O l 5  divacancies/cm3 i n  ~e double negative charge state, 

Sample 2 should have had 1.85 x 1015 divacancies/cm3 i n  the s ingle  negative 
charge state, and Sample 3 should have had only 3.6 x 10 14 divacancies/cm 3 

i n  the single negative charge state. Thus, only Sample 2 contained enough 

paramagnetic divacancies t o  be seen i n  our ESR spectrometer since the 

noise l e v e l  of our spectrometer ('6) i s  4 x d4 spins/cm 3 . 

However, when Sample 2 was inser ted in to  the  ESR spectrometer and a 

ca re fu l  search w a s  made for the  signal above the noise l e v e l  of the 

spectrometer, no resonance peak was observed. Pa r t  of t h i s  search was 

concentrated a t  a magnetic f i e l d  of 3312 gauss p a r a l l e l  t o  the <111> axis  
where a predicted (16) 

have been observed. No resonances were observed i n  any of the  three samples 

when they were searched over several  magnetic f i e l d  direct ions and over a 

range of 60 gauss. 

s igna l  with a signal-to-noise r a t i o  of 3.6 should 

The results of these experiments lead t o  two possible conclusions: 

1. The divacancies had a lower introduction rate due t o  the 
e f f e c t  of the presence of l i t h i u m .  

There was s igni f icant  annealing of the divacancy during the 

i r rad ia t ion .  

to the divacancies. 

2. 

This annealing w a s  due t o  migration of lithium 

To eliminate the poss ib i l i t y  of thermal annealing due t o  the migra- 

t i o n  of l i t h i u m  t o  the divacancy, it w a s  decided t o  perform the i r rad ia t ions  

a t  77°K and s tore  the sample a t  this temperature. 

(Samples 4, 5,  and 6 )  were prepared from 10 

Three ESR samples 
4 

ohm-crn f l o a t  zone n-type 

12 



s i l icon .  A f t e r  l i thium diffusion each had a room temperature r e s i s t i v i t y  

of 0.11 ohm-cm corresponding t o  a c a r r i e r  concentTt ion of 1017 ~ m - ~ .  The 

t o t a l  defec t  introduction rate and divacancy introduction rate are d i f f e ren t  

a t  77°K than at  300°K, so to es tab l i sh  these rates it was decided t o  ir- 

rad ia te  Samples 4, 5,  and 6 i n  s m a l l  fluence steps.  

fluence received by each sample. 

Table 2 shows the 

TABIE 2 

ACCUMUIATIVE EUCTRON FLUENCE FOR SAMPLES 4, 5,  AND 6 

Fluence a t  End Fluence a t  End Fluence a t  End 
Sample of I r r ad ia t ion  of I r rad ia t ion  of I r rad ia t ion  

No. NO. 1 (e/cm2) NO. 2 (e/cm2) NO. 3 (e/cm2) 

2.8 1017 17 1.2 x 10 16 4 4 x 10 

5 16 6 x 10 17 3.2 x i o  
17 4.0 x 10 17 2.0 k io 16 6 8 x 10 

A preliminary estimate of the sample r e s i s t i v i t y  a f t e r  i r rad ia t ion  

can be made by observing the Q (qua l i ty  f ac to r )  of the ESR spectrometer 

sample cavi ty  a t  77"K, with the sample i n  place. If the Q i s  low, the 

sample has not been su f f i c i en t ly  damaged--not enough electrons have been 

removed from the conduction band t o  put enough divacancies i n  the para- 

magnetic charge state. A t  t he  end of the i r r ad ia t ion  No. 1, none of the 

three samples showed a reasonable Qat  77°K. 
No. 2, only ample  6 had a good $, and Sample 4 had a low Q. Piis es- 

tab l i shes  a t o t a l  introduction rate f o r  these samples a t  77°K of about 

0.5 (e/cm)-' since the Q of the sample cavi ty  started t o  change a t  

fluences of 2 x 1 0 ~ 7  e/cm . 

A t  t h e  end of i r rad ia t ion  

2 

Samples 4, 5, and 6 were examined a% 20°K i n  the ESR spectrometer 

following i r r ad ia t ions  2 and 3, b u t  no paraniagnetic resonances were de- 

tected.  E i t h e r  the introduction rate of the divacancies was too low, or 

the  divacancies produced were i n  the  wrong charge state, i .e.,  they were 

nonparamagnetic instead of paramagnetic. 

13 



Fo r the purpose of determining the introduction rate of paramagnetic 

divacancies, consider Sample 6 a t  the  end of i r r ad ia t ion  2 ( t o t a l  fluence 
2 14 of 2 x 1017 e/cm ) . The calculated noise l e v e l  f o r  t h i s  sample i s  5 x 10 - 

3 spins/cm . 
introduction rate must be less than 0.004 divacancies/e-cm. 

<UP peak should have been detected. on a 0.1 ohm-cm 

phosphorus-doped ' f l o a t  zone s i l i c o n  sample i r rad ia ted  a t  77°K with 30-MeV 

electrons yielded a divacancy introduction rate of 0 .Ob divacancies/e-cm, 

which i s  wel l  above the  apparent introduction rate of paramagnetic d i -  

vacancies in  lithium-diffused s i l icon .  This implies t h a t  the  divacancy 

introduction rate a t  77°K i s  much lower f o r  lithium-diffused s i l i con  than 

i n  phosphorus-doped s i l i c o n ,  if a l l  divacancies which are produced are  

paramagnetic. 

Since no divacancy <111> ax i s  s igna l  w a s  detected,  the divacancy 

Otherwise, the 

Previous data (13) 

Another poss ib i l i t y  f o r  not observing divacancies i s  tha t  the introduc- 

t i o n  r a t e  of divacancies may be the same for lithium-diffused s i l icon  as 

f o r  nonlithium-diffused s i l icon  (0 .Oh divacancies/e-cm) a t  77"K, but  t ha t  

the divacancies were not  detected i n  the ESR spectrometer because they 

were i n  a nonparamagnetic charge state.  A s  previously mentioned, observa- 

t i o n  of the  Q as a function of fluence indicated a c a r r i e r  removal r a t e  

of 0.5 cm 

depopulate the  conduction band, but no divacancies were observed up t o  t h i s  

-1 o r  a fluence of 2 x lo1' e/cm2 was required t o  subs tan t ia l ly  

2 fluence. After i r r ad ia t ion  t o  a fluence of 2.8 x e/cm , Sample 4 
w a s  examined a t  0 ° C  w i t h  a two-probe r e s i s t i v i t y  measuring device and was 

found t o  have less than 10'' carriers/cm3. This means the Fermi l eve l  i s  
below 0.4 eV so t h a t  nearly a l l  the  divacancies i n  t h i s  sample were i n  a 
neut ra l  charge state and, therefore,  not paramagnetic a t  the 20°K ESR 

measurement temperature. 

paramagnetic charge state f o r  some fluence between 1.2 x lo1' and 

2.8 x lo1' e/cm2. 

over which the divacancies are paramagnetic must be less than the 4 x 10 

e/cm2 fluence increments between the samples f o r  i r rad ia t ion  2 or 8 x 10 

e/cm2 between i r r ad ia t ion  2, Sample 6 and i r r ad ia t ion  3, Sample 4. An 
2 

estimate of the  probable width of the "window" i s  about 1.1 x lox6 e/cm 

for Samples 4, 5, and 6. 

Thus, f o r  these samples, the  divacancy i s  i n  the 

Furthermore, t he  l imited range of fluences (or window) 
16 
16 

With a window width of only about 0.11~ 1017 e/cm2 
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2 f o r  a fluence of 2 x lox7 e/cm , it i s  easy t o  m i s s  the llwindow" on i r rad ia-  

t ions 2 and 3 f o r  Samples 4, 5, and 6 .  

The temperature of Samples 4, 5,  o r  6 was not ra ised above 77°K since 

the elimination of the  poss ib i l i t y  of migration of l i thium t o  the d i -  

vacancies was important. 

After i r r ad ia t ion  3, Sample 6 w a s  illuminated with an incandescent 

l i g h t  for three hours while i n  the  spectrometer c ryos ta t  a t  20°K i n  an 

attempt t o  change the charge state of  the  divacancies from nonparamagnetic 

t o  paramagnetic. A t  temperatures near 20°K the t i m e  constants f o r  return- 

ing t o  equilibrium can be very long; (I3) therefore,  populated divacancies 

(paramagnetic) would e x i s t  for long periods of t i m e .  

then the  ESR resonances of these paramagnetic centers  would be seen. How- 

ever, i n  the above experiment on Sample 6, no new resonance w a s  observed 

a f t e r  the i l lumination. 

If t h i s  were true,  

To make the ESR measurement when the divacancies are i n  the  para- 

magnetic charge state f o r  i r r ad ia t ion  

r e s i s t i v i t y  measurements on a sample of ever increasing r e s i s t i v i t y .  The 

i r r ad ia t ions  would be done a t  77°K and the r e s i s t i v i t y  measurements would 

be made a t  a higher temperature, probably O°C, f o r  convenience. Once a l l  

the divacancies were put i n t o  the paramagnetic charge state, no true an- 

nealing ex riments c m l d  successfully be made, s ince other experi- 
ments (17916 indicate  an increase i n  r e s i s t i v i t y  upon annealing which 

lowers the  Fermi level .  This would make the divacancies nonparamagnetic 

and reduce the ESR signal .  When this happens, it would not be possible t o  

determine whether the divacancies disappeared due t o  the migration of 

lithium or due t o  depopulation of vacancies by Fermi l e v e l  motion. 

a t  77°K would require c ontinuous 

2.3.3 Conclusions 

The study of the  divacancy (Si-G7) i n  lithium-diffused s i l i con  indicates  

fo r  mom temperature (300°K) i r r ad ia t ions  t h a t  the  divacancy i s  affected by 

the presence of lithium. The ove ra l l  effect of l i thium i s  t o  decrease the 
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number of divacancies present after a 300°K i r rad ia t ion .  The lithium 

e i the r  lowers the introduction rate of divacancies or anneals the d i -  

vacancies once they are formed. 

these mechanisms are present i n  3-1 center production and annealing. 

Ea r l i e r  work (18) has shown t h a t  both of 

The ESR measurements of  the divacancy were performed after i r r ad ia t ions  

a t  77°K i n  the hope of separating t h e  mechanisms responsible f o r  the de- 

crease i n  the number of divacancies observed a f t e r  room temperature i r rad ia-  

t ions  of lithium-diffused n-type s i l i con .  These experiments were i n -  

conclusive fo r  the reasons presented i n  Section 2.3.2. 

The study of the Si-G7 and B-1 centers  has shown t h a t  l i thium i s  e f -  

fect ive i n  decreasing the number of these centers  produced in  300°K electron 

i r rad ia t ions .  Since both of these centers  are considered as recombination 

centers  i n  e lectron i r rad ia ted  nonlithium-diffused s i l icon ,  there  i s  a pos- 

s i b i l i t y  of decreasing the l ifetime degradation i n  s i l i con  due t o  the 

presence of l i thium. 

t i m e  degradation constant f o r  30-MeV electrons a t  300°K yields  a higher 

degradation ra te  f o r  the  lifetime i n  lithium-diffused s i l i con  than i n  

nonlithium-diffused s i l icon .  This implies that i n  e lectron i r rad ia t ions  

of lithium-diffused s i l i con  a new recombination center  i s  produced which 

degrades the l ifetime faster than e i t h e r  the divacancy or B-1  center.  It 

i s  most l og ica l  t h a t  t h i s  new recombination center  contains l i thium or i s  

affected i n  i t s  production by lithium. 

However, experimental measurements (18) of the  l i f e -  

To m a K e  the above argument more complete, other  centers  that are thought 

t o  be recombination centers  must be studied i n  lithium-diffused s i l icon .  

The above results w i l l  now be supplemented by ESR studies  of the Si-& 

center  (vacancy-phosphorus p a i r )  i n  lithium-diffused s i l icon .  

center  i s  better sui ted t o  study by ESR because it i s  paramagnetic over a 

much wider range of fluences than the divacancy. 

i r r ad ia t ions  w i l l  be performed a t  77°K t o  prevent migration of the lithium. 

This experiment w i l l  give us information on the  introduction rate and 

annealing of the Si-& center  i n  lithium-diffused phosphorous doped 

s i l i con .  

The Si-& 

The 30-MeV electron 

The study of the divacancy and B-1  center  gave us information on 
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the annealing of a negative charged defec t  by l i thium. 

state of the Si-G8 is  a neut ra l  defect,  so i t s  annealing by lithium should 

be d i f f e ren t  from the annealing of the divacancy and B-1 cen ter  by lithium. 

The paramagnetic 

It i s  ant ic ipated t h a t  by comparison of various specifin, defect  in- 

troduction rates t h a t  the r e l a t ive  cross  sect ions f o r  production of various 

vacancy-impurity defects  can be determined. The study of the annealing 

r a t e s  by lithium of various vacancy-impurity defec ts  w i l l  supply information 

on t h e  charge-state dependence of the defec t  annealing. 

A t  the conclusion o f  these systematic s tudies ,  it would be possible to 

se l ec t  or a t  least designate the charac te r i s t ics  of  the proper dopants 

( impuri t ies)  

combination centers  formed by i r r ad ia t ion  have a minimal e f f e c t  on l i fe -  

time degradation. The lithium w i l l  s t i l l b e  ac t ive  i n  annealing the defects  

due t o  i t s  migration. This approach w i l l  -permi t  the determination of the 

parameters f o r  s i l i con ,  used i n  solar  c e l l s ,  t h a t  w i l l  optimize t h e i r  radia- 

t ion r e  sis tance . 

for s i l i con  which i s  t o  be lithium diffused, so tha t  the re- 

2.4 PLANS FOR THE NEXT REPORTING PERIOD 

During the next reporting period, w e  plan to :  

1. 

2. 

3. 

4. 

Determine l i fe t ime degradation constant of lithium-diffused 

s i l i con  as a function of temperature. 

Determine ef fee t of lithium depletion a f te r  electron and 

neutron i r r ad ia t ions  on the steady-state photoconductivity 

s ignal .  

Study the Si-@ center using ESR. 

Continue invest igat ion of l i t h i u m  content by neutron ac t iva-  

t ion  a n a l p i  s . 

2.5 NEW TECHNOLOGY 

No new technology i s  current ly  being developed or employed i n  t h i s  

program. 
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